One in-cylinder strategy for reducing soot emissions from diesel engines while maintaining fuel efficiency is the use of close-coupled post injections, which are small fuel injections that follow the main fuel injection after a short delay. While the in-cylinder mechanisms of diesel combustion with single injections have been studied extensively and are relatively well understood, the in-cylinder mechanisms affecting the performance and efficacy of post injections have not been clearly established. Here, experiments from a single-cylinder heavy-duty optical research engine incorporating close-coupled post injections are modeled with three dimensional (3D) computational fluid dynamics (CFD) simulations. The overall goal is to complement experimental findings with CFD results to gain more insight into the relationship between post-injections and soot. This paper documents the first stage of CFD results for simulating and analyzing the experimental conditions. In this stage, an engineering CFD model with a two-stage soot sub-model facilitates development of new and appropriate analysis methods. The methods include new ways to visualize and quantify soot formed, soot oxidized and net soot. Parameters used to evaluate formation and oxidation, like fuel and oxygen concentrations, are also visualized and quantified to provide a deeper understanding of the in-cylinder evolution of soot.
INTRODUCTION
Ever-tightening pollutant emissions standards for diesel engines, coupled with regulatory drivers and market demands for lower carbon dioxide emissions and/or lower fuel consumption, motivate the development of strategies to lower pollutant emissions while maintaining fuel efficiency. In recent years, a multitude of in-cylinder and exhaust aftertreatment strategies have been explored, and most current production engines use a combination of both strategies. One in-cylinder strategy of current interest for reducing engine-out soot emissions while maintaining fuel efficiency is the use of close-coupled post injections. Post injections are small injections of fuel that follow a conventional main fuel-injection in a diesel engine, and they are "close coupled" if the dwell between injections is relatively short (typically a few crank angle degrees).
A number of experimental and modeling studies have demonstrated the effectiveness of post injections, and have provided some insight into the in-cylinder mechanisms that may be responsible (see recent review paper [1] ). While experimental studies are valuable for establishing the net result of post-injection strategies, the data often do not provide sufficient insight into the in-cylinder mechanisms that yield the global observations. Even in optical engines that provide visualization of in-cylinder processes, experimental uncertainties and optical access constraints leave some aspects unclear. Multi-dimensional reacting flow simulations, by contrast, provide much greater spatial and temporal resolution that can yield greater insight into the in-cylinder fluid mechanical and chemical kinetic mechanisms occurring with post injections. Two significant factors that limit the utility of simulation predictions are the validity of the simulations, and the ability to extract insight from the massive dataset provided by the simulations. Here, we take steps to address both of those limitations. We use an optical engine to validate the model predictions to the degree possible. The effort is expected to span multiple years and publications, starting with the current study, which reports initial comparisons between model and experiment. The bulk of the current study, however, focuses on the development of new tools and techniques for analysis of model predictions to provide understanding of in-cylinder processes and complements observations from various optical diagnostics. The new insight reported herein also builds on previous simulation studies of post-injections, several of which are reviewed in the following paragraphs.
First, Han et al. [2] concluded from the predictions of their CFD modeling study that splitting up the fuel injection event disrupts the replenishment of rich soot-forming regions that develop in long single injections. They simulated the in-cylinder evolution of soot (and NOx) in a heavy-duty diesel engine with multiple injections and a Mexican-hat shape piston-bowl under conventional high-temperature diesel combustion (no dilution by EGR). Han et al. used the CFD solver KIVA-II [3] with the Shell ignition [4] , characteristic time combustion [5, 6, 7] , Hiroyasu soot formation [8] and Nagle-Strickland-Constable (NSC) soot oxidation [9] models. The amount of fuel in the first pulse varied from 10 to 75% of total injected fuel, and dwells between pulses ranged from 3 to 8 crank angle degrees. With split injections, the model predicted that replenishment of fuel-rich soot-forming regions from the first injection is terminated, and the subsequently injected fuel burns rapidly and does not contribute significantly to soot production. In-cylinder pressure traces and the derived apparent heat release rate curves matched experiments very well and engine-out soot trends compared reasonably well.
Under low-temperature combustion conditions achieved by EGR dilution, Yun et al. [10] concluded that post-injections were effective when they were directed into fuel-lean pockets between fuel-rich zones created by the first injection. The fuel-lean pockets are created in part by an engine's swirl flow as the fuel-rich zones are transported azimuthally about the combustion chamber. They used a later version of the KIVA code, which is based on KIVA3V-R2 [11] with various submodel improvements, two of which are especially relevant to incylinder soot modeling. First, the CHEMKIN II [12] chemistry solver with a reduced n-heptane mechanism with 35 species and 77 reactions [13] replaced the Shell ignition and CTC combustion models. Second, rather than using vapor fuel as the soot precursor species, Yun et al. [10] used acetylene (C 2 H 2 ), which is predicted by the reduced reaction mechanism. The simulated operating condition was low-temperature combustion at 1500 RPM, 3 bar gIMEP and 50% exhaust gas recirculation in a high-speed, direct-injection diesel engine. At equivalent load for single-and double-injection conditions, they found that smaller post-injections reduced soot more effectively because they directed fuel into lean air pockets that were located between fuel-rich zones of neighboring sprays generated by the first fuel pulse. By distributing the fuel more broadly, the small post-injections created in-cylinder mixtures with less fuel-rich soot-forming regions.
While single-precursor soot models can provide useful insight into in-cylinder mechanisms of post-injection effects on soot emissions, they do not account for details of the complex reactions that form ever larger precursor species on the synthesis path to soot. The chemical kinetics of large soot precursor species could be very important for soot and condensed species prediction under certain operating conditions, especially low-temperature combustion conditions where soot and soot precursor formation is extended in both space and time compared to conventional conditions [14] . One example of a semi-detailed soot model is that of Vishwanathan and Reitz [15] , who also used KIVA3V-R2 [11] in their study. The model framework is based on four fundamental steps: soot inception through a four-ring polycyclic aromatic hydrocarbon species; surface growth through acetylene; soot coagulation; and oxygen-and OH-induced soot oxidation. Combustion was simulated with a reduced n-heptane mechanism and the model was applied to conventional diesel and low temperature combustion regimes, with some operating conditions using
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multiple injections. For the conventional diesel case, pressure and heat release comparisons to experimental data were good. Also, Vishwanathan documented an important method for comparing in-cylinder soot mass, as estimated using a two-color optical method [Singh et al. 16] , to in-cylinder CFD soot distribution. The model demonstrated the ability to capture, in general, in-cylinder soot variation with crank angle. The start of soot accumulation, the rate of soot increase and the crank angle location of peak soot were all well captured by the model, but the rate of soot decrease was much faster than in the experiments. Vishwanathan suggested the rapid soot decrease was due to faster simulated soot oxidation. But, according to conclusions based on Han et al. [2] , as well as conclusions from the current study, the rapid soot decrease also could be due to over-estimated model heat release rate (HRR), which consumes fuel faster, thus reducing the amount of soot formed in the model compared to the experiment. Using the analysis tools developed in this paper one can more precisely assess the cause and effect of such observations.
The above studies demonstrate a progression of improved internal combustion engine modeling in general, with application to soot and multiple injections specifically. To summarize, Han et al. [2] demonstrated the ability to model combustion very accurately in terms of pressure and heat release rate. They also postulated a method of soot reduction for their operating conditions, which was based on sound interpretations of model results and engine-out emissions data. Contributions of Yun et al. [10] include, in part, a CFD solver upgrade, incorporating a fundamentally based combustion model and transitioning to a more well-accepted soot precursor, C 2 H 2 . Vishwanathan et al. [15] contributed a soot model that not only accounted for formation and oxidation, but also included surface growth, coagulation, oxidation by OH as well as O 2 , and an additional equation for transport of soot number density.
One important analysis capability not employed in the above studies is local identification and quantification of the formation and oxidation contributions to net soot throughout the computational domain. Such analysis would provide greater insight into the chemical, fluid-mechanical, and thermal mechanisms by which post-injections may affect the in-cylinder soot evolution.
In the current study, that capability is developed and applied to close-coupled post injection schedules under conditions relevant to current production diesel engines using moderate exhaust-gas recirculation (EGR) with exhaust aftertreatment to meet pollutant regulations. The bulk of the modeling effort for this initial modeling phase is to develop various CFD tools that facilitate more detailed analysis of the in-cylinder soot evolution. As reported here in this first effort, the focus is not on improving soot or combustion sub-models. Therefore, it is desirable to use a CFD code that executes rapidly and provides predictions of sufficient accuracy. During analysis tool development, a set of simulations often need to be run repeatedly, such that a fast turnaround time is very important. Therefore, the CFD solver used in the current study is based on KIVA3V-R1 [17] using relatively simple combustion and soot models similar to those used by Han et al. [2] . Run times were approximately 30 minutes on a desktop PC (Intel® Xeon® CPU, 64 bit, 3.33 GHz), where similar simulations with the more advanced sub-models take more than a day on a local Linux cluster (Intel Core2 Quad Q6600, 32 bit, 2.4 GHz).
Phase II of the modeling effort (to be reported in subsequent studies) will transition these tools to a KIVA version that has detailed combustion kinetics and a detailed soot model. It will also include recent enhancements by Perini et al. [18] , which have demonstrated significant speedup for engine CFD simulations [19] .
Initially, the same experiments modeled in this study will be modeled in phase II. Phase II CFD results, processed with the newly developed visualization tools, are to be compared to recently published soot natural luminosity and planar laser induced incandescence images of O'Connor and Musculus [20] with the goals of validating the models, then using its soot formation and oxidation extraction and visualization capabilities to deepen our understanding of experimentally observed soot phenomena.
EXPERIMENTS
Including the main-injection-only condition, six discrete command durations of the post-injection sweep are modeled, and this section describes only those portions of the experiments that are relevant to the modeling effort. Please see the companion publication for more details of the experimental study [20] . Some model inputs are also found in this section where appropriate.
Engine and Injector
Experiments are conducted on a Cummins N14-based, single cylinder, heavy-duty, and low-swirl research engine. Engine and injector characteristics are listed in Tables 1 and 2 , respectively.
The piston has a centrally located, optically accessible, right circular cylinder bowl. The injector, also centered on-axis, has eight holes evenly spaced azimuthally.
Operating Conditions
All operating conditions are at 1200 RPM, 18% intake oxygen by volume and slightly boosted ( Table 3 ). The engine is skip fired, nine motored cycles per fired cycle, to reduce thermal stresses on optical components. As such, real EGR is not available for dilution. Instead, the intake charge is diluted with excess nitrogen. Engine load is between 5 and 7 bar gIMEP; the load increases with increasing post injection duration. Minimum load is with the main-injection-only case and it serves as the reference condition. 
Injection Profiles
As is evident by the injection rates of Figure 1 , all profiles input to the simulations have the same main injection, same dwell between injections and hence, same start of post injection timing. The main-injection-only case uses only the main injection profile. Table 3 lists injection timings used in the simulations.
The injection rates were measured using an impingementbased meter, and the dwell between injections was set to the minimum reliably achievable. More injection rate measurement details and design of the injection schedule can be found in [20] . Also, the measured injection rate peak at about −10 crank angle degrees (CAD) is not included in the model, because when including it, the simulated rate of heat release rise was too fast. The peak is believed to exist in the real injection event, but the reason that it causes excessive heat-release in the model is yet to be determined.
Hessel et al / SAE Int. J. Engines / Volume 7, Issue 2 (July 2014)
Recognizing that integrating the injection rate curves gives the amount of fuel injected, it is apparent that total fueling increases with larger post injections. Table 3 lists the injected fuel mass.
Naming Convention
Six experimental operating conditions are modeled in this study. Experimentally, all have the same control commands to activate the main injection event (1950 microsecond command duration) as well as the same start of the post injection. To explore the influence of the quantity/momentum of the postinjected fuel, the post injection duration is varied from 0 to 700 microseconds. All cases are referred to by their post injection command duration in microseconds. For example, label '350' refers to the operating condition with post injection command duration of 350 microseconds.
Additionally, three particular conditions from the post-injection duration sweep are selected for detailed discussion. These conditions, with post-injection command durations of 0, 400, and 700 microseconds are referred to as the main-injectiononly (M-I-O), Short, and Long cases, respectively.
Main injection refers to the first injection pulse, which is the same for all cases. The M-I-O case has only the main injection. Post injection refers to the second injection pulse. All cases other than the M-I-O case have both the main and post injection. More definitions and abbreviations appear at the end of this document.
Measured Trends
In this sub-section, measured trends that instigated this CFD study are presented. Figure 3 plots measured engine-out soot for a series of increasing post-injection durations. Each symbol represents a different post-injection case, and post-injection duration increases from left to right. Leftmost is the maininjection-only case, then the 350, 400, 500, 600 and 700 microsecond post-injection cases. Load monotonically increases as post injection size increases, i.e., with more fueling. The engine-out soot data are from exhaust smoke measurements using a standard correlation [20] . Repeatability of this measurement was tested at several injection schedules; the standard deviation of the carbon volume-fraction measurements at each of these repeated conditions was approximately 0.05 mg/m 3 units for continuously fired operation.
Starting from the main-injection-only case, increasing the close-coupled post-injection duration initially lowers the measured engine-out soot, which reaches a minimum near a post-injection command duration of 500 microseconds. Further increases of the post-injection duration to 700 microseconds more than doubles the measured engine-out soot. A major goal of this work is to understand this soot trend with varying post-injection duration. (Model predictions in Figure 3 will be discussed in a later section.) 
Model Setup
This section describes the combustion chamber geometry, models used, initial and boundary conditions, and model assumptions.
Model Geometry
The engine has a centrally mounted injector with eight equally spaced holes, which yields an 8-fold rotational symmetry about the cylinder axis. Hence, to achieve higher spatial resolution for a given number of computational cells, the combustion chamber is modeled with a representative 45° sector, and symmetry assumptions are applied to account for the whole combustion chamber. With this simplification, asymmetries due to valve recesses in the head and material differences due to optical window placement are ignored.
The computational domain (Figure 4 , TDC) includes the piston/ liner crevice starting at the piston's top surface and extending down to the top ring's top surface. No ring gaps are modeled, so flow does not exit the computational domain via the crevice and no blowby model is used. Crevice depth is adjusted to match motored pressure. The benefit of adjusting crevice depth, as opposed to adjusting squish height to match motored pressure is that the measured TDC squish height can be retained, which should provide better estimates of in-bowl flow structures due to squish flows. Since the crevice is farther from spray and combustion, altering its dimensions should have minimal impact on soot estimates. Combustion chamber geometry and mesh resolution are summarized in Table 4 . The resolution is typical for diesel simulations using CFD solvers like KIVA, although the crevice resolution is relatively coarse. The coarseness does not adversely affect soot results and too much crevice refinement can increase run time substantially. 
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Sub-Models
Net soot is the difference between formation and oxidation rates. While a variety of advanced chemistry and soot models are available to model soot formation and oxidation [e.g., 9, 13], a major goal of the present study is to develop analysis tools to understand in-cylinder processes. The added complexity of advanced chemistry models becomes a burden by increasing the model run time, which reduces the number of different analysis techniques that can be tested. Hence, for this effort, simple engineering models can prove valuable for providing short run times with well-tested soot sub-models. Higher fidelity models will be incorporated in the second phase of this project, after the analysis tools have been developed to maturity.
Some of the more important sub-models used in this study are listed in Table 5 and model details can be found in reference [21] . The CFD solver is a version of the Los Alamos National Laboratory KIVA3V code [17] , enhanced with sub-models developed at the University of Wisconsin-Madison Engine Research Center [21] . Ignition is modeled with the Shell model [4] and combustion with the Characteristic Time Combustion model [5] . Table 5 . Models used in this study.
The soot-formation rate is given by the single-equation Hiroyasu model [8] : (1) In Eq. 1, M fv is fuel vapor mass (g), P is pressure (bar), and T is temperature (K), all of which are calculated by other KIVA3V-ERC sub-models and supplied to the soot sub-model as formation-equation input values on a per-cell basis. R is the universal gas constant (1.9858 cal/ (g-mole K)). A f and E are user-supplied model parameters that represent the preexponential term and soot activation energy respectively. Here, A f is 700 (1/ (bar g)) and E is 12500 (cal/mole) [7] . The value of E is not typically changed and the value of A f is typical of diesel combustion.
The soot oxidation rate is predicted by the Nagle-StricklandConstable model: (2) In Eq. 2, Mw c is carbon's molecular weight (12.001 g/mole), M s is soot mass (g), and ρ s and D s are user supplied values for soot density (2 g/cm 3 ) [7] and soot diameter (2.5e-6 cm) respectively. Detailed functional relationships used for the cell gas temperature, T, and oxygen partial pressure, Po2, are found in reference [21] . The soot-formation sub-model supplies the soot mass to the oxidation model. Hence, all the dependencies mentioned for the formation model are also dependencies of the oxidation model, as is local oxygen concentration.
Initial and Boundary Conditions
Model in-cylinder initial conditions at intake valve closure (IVC) and surface-temperature boundary conditions for all cases are listed in Table 6 . Surface temperatures were not measured directly and are instead estimates based on measured coolant
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temperatures. Table 6 also lists average measured intake manifold pressure and temperature for reference. As mentioned in the Operating Conditions section, the engine is skip-fired and dilution is with excess nitrogen.
The simulations start at IVC at which point in-cylinder pressure, temperature and species concentrations need to be specified. Here, all are treated as uniformly distributed throughout the computational domain. Hence, the entire domain starts at the same thermodynamic state. By contrast, in a real engine, the thermodynamic state at IVC is not uniform, which can lead to differences in heat transfer between simulations and experiments, even early in the compression stroke. In an attempt to compensate for the net effect of non-uniformities present in the IVC state of the experiments, the simulation pressure is matched to measured pressure at a later position in the compression stroke (−90 CAD) rather than at IVC. Measured and model IVC pressures differ by only 0.01 bar (Table 6 ).
Swirl is also initialized at IVC in the simulations as solid-body rotation about a swirl axis coincident with the cylinder axis. Here, tangential velocity increases almost linearly with increasing radial distance from the axis, then tails off toward zero at the liner, owing to the no-slip condition. An axial velocity distribution is also assigned at IVC, where bowl and piston nodes receive the IVC piston velocity and velocities above the piston and bowl are linearly interpolated to zero at the firedeck. Table 6 . Initial conditions at IVC and surface temperatures for all simulations.
Match to Global Data
As describe in the Model Setup subsection, taken together, the soot models are a function of local quantities including fuelvapor mass, oxygen concentration, pressure, and temperature. Therefore, to calculate soot accurately, it is important to first estimate vaporization and burning as accurately as possible. Experimental data currently available to access how accurately these combustion-related fields are modeled include measured injection profiles, cylinder-pressure, and AHRR. If these quantities are not properly matched prior to making soot-model adjustments, then tuning of soot-model constants would not be an appropriate course to improve model fidelity. Figure 5 compares pressure and AHRR for the Long postinjection case. Its injection rate is also included. Both measured and modeled AHRR curves are calculated from corresponding pressure data using similar methodologies [20] and therefore the curves provide a practical comparison. The overall good AHRR agreement suggests that CFD fuel vapor and oxygen consumption rates have good accuracy. As stated above, both are important for soot model predictions. Agreement is similar for other cases (not shown). The trend is well captured, but since soot-model constants were for diesel fuel, which produces more soot than n-heptane, the simulated soot values are higher than measured values. Tweaking the soot model constants would likely improve agreement, but this avenue was not explored in this study. The CFD-estimated load is also higher than experimental values due to slightly higher expansion pressures beyond 40 CAD, which is likely due to heat transfer/blowby differences between the simulation and the experiment.
RESULTS
This section is broken into four sub-sections, each highlighting distinct topics of soot formation, oxidation, net soot, and finally, the role of post injections on soot processes. Each sub-section builds from previous sub-sections. Both qualitative and quantitative results are included. Qualitative results give an overall sense of where soot is formed and oxidized in the combustion chamber and where the soot cloud travels over time according to CFD model estimates. The M-I-O, Short (400 microsecond) and Long (700 microsecond) post-injection cases are analyzed in detail. These three cases are key points in the soot trend of interest ( Figure 3 ).
Soot Formation
Soot formation is analyzed in this sub-section. Using the newly developed analysis methods, images show spatially resolved regions of soot formation and line graphs quantify the amount
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of soot formed over these regions. Note that soot formation is strictly a non-negative quantity, therefore, either no soot is formed or a positive amount is formed. Figure 6 displays soot formation renderings at 15 CAD for all three cases (left to right: M-I-O, Short and Long). The combustion chamber region bounded by blue is called the soot formation region. In order to see spatial soot formation variation, this region has been sliced close to the spray axis. White spheres represent parcels of liquid fuel. All cases have the same main injection (Figure 1) , which stops at 6.3 CAD. By 15 CAD all liquid fuel is vaporized in the M-I-O case, which is evident by the absence of white spheres. The post injection for the Short case terminates at 11.6 CAD and only a small amount of its liquid fuel remains, 0.1 mg. The post injection for the Long case ends at 14.6 CAD and a significant amount of fuel is still in the liquid state, 1.2 mg. Recognizing that vaporized fuel is a potential source for soot formation, the potential to form more soot increases with longer post injections.
The soot-formation increase with longer post injections is demonstrated in two ways in Figure 6 . First, soot-formation density integrated over time is displayed in the renderings. Red is high density and blue is low according to the color legend. A red region indicates a location where, over time, more soot forms. The renderings represent only the time integral of formation throughout the combustion chamber, and not the local soot concentration. That is, the rendering does not include transport or oxidation, and thus only represents the temporal history of soot formation kinetics at fixed positions throughout the combustion chamber. Regions with soot formation density less than 1e-7 mg/cm 3 are void of color and not considered as part of the soot formation region, even though a small amount of soot, about 5% in all, does form there. This value is selected, because little change in region shape and size is observed when smaller values are used. Defining the soot formation region in this way facilities case-to-case comparisons.
The soot-mass formed is also shown in the line graph in the bottom-left corner of Figure 6 . Mass values are calculated by integrating soot formed over the soot formation regions.
An interesting observation about the dependence of total soot-formation on the injected fuel mass is tabulated in the lower-right of Figure 6 . The first row shows 8.6% more fuel is injected in the Short case compared to the M-I-O case and the amount of soot formed (but not including any oxidation) increases by 7.1%, when values are extracted from the whole combustion chamber at EVO. That is, the relative increase in soot formed, 7.1%, does not keep pace with the increase in amount of fuel injected, 8.6%.
The second row shows the fraction of fuel that forms soot increases for the Long case. Here, 37.1% more fuel is injected compared to the M-I-O case, but 48.7% more soot is formed. Therefore, a smaller fuel-to-soot conversion results from short post injection and a higher fuel-to-soot conversion from long post injection. This is information unavailable from engine experiments, which to date can only measure net soot (formation -oxidation).
As an aside, two additional simulations were performed where the dwell between injection pulses is removed, while retaining total fueling, for the Short and Long cases. Under these effectively single-injection conditions, the amount of soot formed increases to 12.4% (Short) and 57.8% (Long), thus demonstrating the soot-reduction benefits that may be achieved with a non-zero dwell between injections.
Stepping back a few crank-angle degrees to just before the start of the post injection, at 9 CAD, soot formation in the renderings is due only to the main injection ( Figure 7 ). The amount of soot formed and the locations are very similar for each case, since all cases have the same main-injection profile (other than potential slight variations of injected fuel parcel orientations). Figure 7 shows that prior to the post-injection, soot-formation concentration is highest near the fuel jet. In this region the white spheres representing liquid fuel disappear, which indicates vaporization. Thus, this is also a region of high fuelvapor concentration. The soot-formation rate is linear with local fuel-vapor mass in the Hiroyasu soot-formation model (Eq. 1), so the close proximity of high soot and high fuel-vapor regions is an expected outcome. Soot at lower concentration forms farther from the injector, but in line with it at the liner. This may be due to fuel vapor encountering the relatively cold liner. The liner both limits oxygen from mixing with the fuel vapor and cools the gases locally. These processes can reduce local HRR and therefore leave higher fuel concentrations for longer times to yield more soot formation. Since soot formation renderings represent timeintegrated concentrations, these near-liner iso-surfaces also appear in renderings at later points in time.
Hessel et al / SAE
A change in soot formation between 9 and 15 CAD due to the post injection can be observed by comparing images and line graphs of Figures 6 and 7 . Notice, at 15 CAD ( Figure 6 ) the amount of formation increases with the longer post injection within the soot-formation region, but the volumes occupied by the regions do not change as noticeably.
By 40 CAD, more obvious differences in the soot-formation regions are observable (Figure 8 ). Comparing the M-I-O to Short cases, volumes are similar, but the Short case has more formation in the squish region. This is because by the time the small amount of Short-case post-injected fuel-vapor reaches the radius defined by the bowl lip, the piston is far enough down in its stroke so that the post-injected fuel-vapor enters the squish region and hence forms soot there.
The soot-formation regions retain the top piston and bowl wall surface shapes from earlier in the expansion stroke. These shapes indicate that formation rates were high at those locations when the piston was closer to TDC. As explained earlier, these renderings only show time integrations of soot formation at fixed spatial positions, and do not include transport processes that would carry soot downward with the piston. As a result, boundaries from the piston surface at an earlier time are apparent at later times when the piston is much lower in the cylinder. Notice that the lower part of the M-I-O and Short case soot formation regions extend downward toward the cylinder axis. This is due to the way fuel vapor is transported in this combustion chamber with the injection profiles used in this study. During the piston's downward motion, fuel vapor hits the bowl wall, travels down the wall, then moves inward toward the cylinder axis, all the while hugging the bottom bowl surface. Soot formation follows this fuel-vapor path. 
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The volume of the soot-formation region for the Long case is much larger than for other cases (Figure 8 ) because a significant amount of fuel, 26 mg, is injected with a longer post injection. Fuel vapor reaches more regions of the combustion chamber, both in the squish and in the bowl, and therefore its soot-formation volume is larger.
Although not part of this study, one can conceive how this soot-formation region may change by altering the injection event, or bowl shape. Just increasing the cone angle may widen the formation region near the injector, while at the same time decreasing its extent along the spray axis. Or, just directing the spray hole downward a few degrees may reduce the soot formed in the squish, but increase soot formed in the bowl. Contouring the bowl wall and raising the pip height, thus forming a Mexican hat style bowl, may alter the fuel vapor path and, rather than the soot formation region being directed downward and toward the axis, it could be directed upward and toward the axis.
Advancing to 65 CAD it is evident that the shape of the sootformation region for the Long case becomes similar to the other cases, though it extends farther downward ( Figure 10 ). The reason for this is the same as stated previously, i.e., the Long-case fuel-vapor cloud also travels toward the cylinder axis along the piston's bottom surface. But, the Long-case fuel-vapor concentration is greater, and therefore the sootformation rate is higher later in the cycle. 
Soot Oxidation
Soot oxidation for the M-I-O, Short and Long injection cases are discussed in this section. Soot oxidation is strictly a nonnegative quantity, therefore, either no soot, or a positive amount is oxidized.
In the previous section on soot formation, the model predicted that longer post injections form more soot in part because more fuel is available to form soot. In a similar way, conditions with more soot have more soot oxidation. In the NSC model, in addition to the concentration of soot itself, the rate of soot oxidation also depends on the oxygen concentration. This is an important difference between formation and oxidation with the models used. Where formation only necessitates one species (fuel), oxidation requires two species, soot and oxygen.
Where the soot formation analysis section began by analyzing soot-formation distributions at 15 CAD, the soot oxidation analysis begins at 20 CAD. At 15 CAD, all oxidation distributions are very similar because oxidation lags formation due to the fact that model oxidation requires some net soot to accumulate. By 20 CAD net soot from the post-injected fuel is sufficient to observe differences in the soot-oxidation fields ( Figure 11 ). Figure 11 demonstrates increased soot oxidation with a longer post injection in two ways. First, soot oxidation density integrated over time is displayed in the images. Red is high density and blue is low according to the color legend. Units are mg/cm 3 . A red region indicates a location where, over time, more soot oxidizes. Regions with soot oxidation density less than 1e-7 are void of color and are considered to be outside of the soot-oxidation region. This definition is consistent with the soot-formation region defined previously and also facilitates case-to-case comparisons. About 95% of the total oxidation occurs within the colored region. Where the renderings display the soot-oxidation density, the total soot mass oxidized for the three cases is compared in the line graph in the lower left corner of Figure 11 . The soot mass oxidized is calculated by spatially integrating the soot-oxidation density over the soot-oxidation regions. The images show where soot is oxidized and the line graphs quantify the amount oxidized.
An interesting soot-formation vs. soot-oxidation observation is tabulated in the figure (lower-right) . The first row repeats the observation from Figure 6 that the Short case forms 7.1% more
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soot compared to the M-I-O case when values are extracted for the whole combustion chamber at EVO. The increase in oxidation is slightly greater, 7.5%.
By contrast, the Long case forms 48.7% more soot and oxidizes a slightly smaller percentage, 48.6%, compared to the M-I-O case (2nd row). Therefore, when adding the Short post injection, soot oxidation outpaces formation and the opposite is true for the Long case. It is important to note that although the percentage differences between total formation and oxidation seem small, the net soot emitted from the engine is the difference of these two large numbers. Hence, small percentage changes in either formation or oxidation lead to large absolute changes in the difference between total formation and oxidation, which is the net soot at the end of the cycle.
Stepping back in crank-angle space, comparing formation to oxidation just before the post injection starts (9 CAD, Figure  12 ), it is evident that high oxidation-rates (yellow-to-red regions in right image) occur at the periphery of the highest sootformation locations (yellow-to-red regions in left image). This image is representative of all three cases, since all have the same main injection and the post injection has not yet started. Recall that as discussed earlier, comparisons of the timeintegrated soot formation and oxidation regions of Figure 12 do not indicate the instantaneous net-soot distribution. Formation images show where soot has formed over time, not where it travels. In this way it can be thought of as static in space and dynamic in time. The same holds for oxidation renderings. Net soot on the other hand is dynamic in both space and time. A net soot image is a snapshot of spatial soot distribution at specific moments in time as affected by formation, oxidation, and transport.
Net soot is discussed in detail in the next section, but Figure 13 is offered as a first step toward a clearer understanding of the relationship between high oxidation, high formation, high net soot and high oxygen-concentration regions using the M-I-O case as an example. Figure 13 (top) shows iso-volumes in their entirety at 9 CAD, except for the oxygen iso-volume (red), which is cut near the spray axis. From the image, soot forms at its highest rate (blue) near the injector, the highest oxidation rate region (green) surrounds the highest formation-rate region, net soot (grey) accumulates along the bowl wall, and oxygen (red) is depleted in the region of highest net-soot. Note that oxygen is depleted primarily by reacting with the fuel. Figure 13 (middle) is the same as Figure 13 (top) , except it is rotated to be in line with the spray, viewing down the spray axis from the perspective of the injector. From this view it is evident that the highest oxidation region surrounds the highest formation region. Figure 13 (bottom) cuts all iso-volumes near the spray axis and plots velocity vectors originating from the cut plane and projected onto the cut plane. Therefore, arrow lengths reflect only in-plane velocity components.
An interpretation of Figure 13 (bottom) , according to the model predictions, is as follows. The highest concentration of soot formation is downstream of the injector (blue). Once formed, advection moves soot mainly along the spray axis (note the velocity vector's relative size in the spray direction vs. normal to it) until the bowl wall is encountered. Note that although no soot is shown between the highest formation region (blue) and the soot cloud (grey), soot is nevertheless present, but its concentration is lower than the threshold that defines the soot cloud, so it is not visible in the image.
The soot cloud (grey) splits at the bowl lip. Above the lip, the soot cloud continues radially outward and into the squish region, somewhat akin to forced flow between parallel plates, though with the lower plate descending due to piston motion. Below the lip, the soot cloud follows the bowl shape. It is forced back toward the cylinder axis by the counter-clockwise vortex formed in the bowl's bottom corner. Oxygen concentration (red) is reduced as a result of fuel burning and soot oxidation. Regions of low oxygen concentration (regions void of red) are dynamic and generally in the downstream portions of the burning fuel spray.
The high soot-oxidation region is more difficult to explain from a model perspective, partly because the soot oxidation rate is a function of three local quantities, soot mass, temperature and oxygen concentration. As discussed previously, it is evident that much of the soot is traveling through the high oxidation region. Temperatures are also high in this region, because fuel is burning there. Higher temperatures promote higher oxidation rates. The path of oxygen to the high oxidation region is apparent in the velocity vectors of Figure 13 (bottom) pointing from red to green.
The flow of fresh oxygen into the regions of soot oxidation is explored in more detail in Figure 14 , for which the cut plane and velocity vectors of Figure 13 (bottom) are colored by oxygen mass fraction according to the color legend in the figure. The oxygen mass fraction in the fresh charge is 0.20. If no oxygen remains in a computational cell due to any combination of reasons, like reacting with fuel or soot, or being displaced by burned gases, mass fraction will be close to zero (blue). The high oxidation region, displayed as green in Figure  13 (bottom), is displayed as white in Figure 14 to avoid confusion with colors used by the cut plane. Observe how high oxygen concentration gases (red, yellow, green) are brought into the high oxidation region by spray-generated flow structures. The line graph at the bottom of Figure 14 plots oxygen mass fraction along the nominal spray axis and in the cut plane. This line is not in the high oxidation region, but is surrounded by it. The zero location is approximately at the injector hole.
Distance from the injector is marked in the image in 1 cm increments along the narrow black line. The graph shows that at 9 CAD, the oxygen concentration drops sharply within the first 2 cm and then levels off to a nearly constant low value. Note that the shape of this curve varies substantially with crank angle and therefore it is not to be interpreted as typical of the complete injection and combustion events. This line graph is added for general interest and also to assist the reader in interpreting the colors in the image. (Imagine how the shape of this curve would change if the black line's initial point were fixed and the far endpoint rotated up and down, thus passing through the high oxidation region.)
The way in which soot formation regions follow fuel vapor was demonstrated in the Soot Formation section. Figure 15 is similar and shows how the soot-oxidation region (green, left to right from top: 15, 20, 25, 30 CAD) correlates with the soot formation region (blue, same as blue iso-surface of Figure 9 ). The two regions grow similarly. Figure 15 highlights some useful concepts related to formation and oxidation. The model predicts soot to continue forming late into the cycle. Essentially, as long as fuel vapor remains, some soot forms (recall in the Hiroyasu model of Eq. 1, soot formation is dependent on only one species, the fuel).
Oxidation is a function of two species, soot and oxygen. This may be the reason the soot oxidation boundary for the most part surrounds the soot formation boundary. (Recall both bounds are set to 1e-7 g/cm 3 .) Extrapolating Figure 14 to the crank angles of Figure 15 it can be understood that oxygen concentration is low within the soot-formation region and higher
outside of it, thus locating the oxidation region boundary between high soot and high oxygen. The model estimates approximately 80% of available oxygen to be outside of the oxidation region at 30 CAD. Figures 9 and 15, when considered together, suggest that if one desires to oxidize soot, generating a flow disturbance that 'punctures' the formation region, thus allowing oxygen to enter it, could be beneficial. It may be most beneficial if it were punctured in the region of high fuel-vapor ( Figure 9 , white iso-volumes), because then it may oxidize more soot and also burn the fuel faster, thus removing the source of continued soot formation. Figure 16 is the same as Figure 11 , just later in the cycle, at 65 CAD. With time, the general structure of the soot-oxidation region does not change, but its size increases. Also, the oxidation regions of Figure 16 correlate with the formation regions of Figure 10 . The amount of additional oxidation due to the post injection is found in the figure's line graph. Any oxidation above the M-I-O case is due to post injection. This line graph also correlates with the formation line graph of Figure 10 , from which the additional soot formation due to post injection is found. Figure 16 . Same as Figure 11 , but at 65 CAD.
NET SOOT
The previous two sections focused on where, when and how much soot is formed and oxidized in the combustion chamber. Rendered quantities were generally time integrated. This section discusses net soot. Values presented herein are not time integrated, instead they represent the soot field at specific moments in time. This first section discusses the M-I-O case in greater detail. The next section relates post injection cases to the M-I-O case.
Late in the expansion stroke, soot is present almost everywhere in the combustion chamber. In some places the soot concentration is relatively high and some places it is almost zero. This circumstance makes soot visualization challenging. To visualize soot effectively, a measure of soot is chosen for analysis that allows important points to be highlighted, while still representing soot's overall behavior. The method of selection is as follows.
The colored portions of the images in Figure 17 As will be shown later, at this crank angle, the Long case has the most soot. The image shows that it also has the highest peak soot concentration, i.e., the deepest and largest red region. A portion of these 90% net soot iso-volumes are selected for analysis.
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Starting at the highest soot concentration locations (red) successive iso-volumes grow outward as regions of monotonically decreasing net-soot concentration are added (yellow, green, etc.). If an iso-surface were constructed to encompass just 10% of the soot mass, this iso-surface would cut the iso-volume somewhere in the red to yellow regions. Encompassing more soot, say 20, 30, 40%, etc., of the total soot mass, the iso-surface would move into the green then blue regions. Since not all high net-soot concentration regions are adjacent to each other, the iso-surfaces may be disjointed. Figure 17 (bottom) shows where the 50% iso-surfaces cut the 90% iso-volumes. Net-soot gradients are relatively steep inside the iso-surfaces and less steep outside. Figure 17 is provided here primarily to illustrate the processing steps required to generate Figures 18, 19, 20, 21, 22 , which are central to the discussion that follows. Beyond 50% of soot mass the volume occupied by soot grows more rapidly. 49% of the in-cylinder volume holds 90% of the soot mass at 35 CAD. This volume can also be viewed in the same image of Figure 17 ; it is the complete colored region, from red all the way to and including blue. Such general knowledge could be important from a designer's perspective in that it may be easier to target oxidation at the smallest volume that holds a large portion of the soot.
For the reasons stated above, the 50% of soot-mass isovolume is chosen for detailed analysis and it is referred to as a 'soot cloud'. According to models used in this study, by focusing on the soot cloud one can get a feel for conditions that allow soot to exist until EVO. Figure 18 considers the volume occupied by soot iso-volumes of different size at a particular crank angle for the M-I-O case. Continuing on the theme of how much volume is occupied by soot iso-volumes, Figure 19 plots the 50% soot cloud volume ratio vs. crank angle for the M-I-O case (solid curve). The volume occupied by the 50% soot cloud relative to the total cylinder volume is initially quite small, then increases until about 10 CAD, reaches a minimum at about 30 CAD, then increases through EVO. From the perspective of a combustionchamber designer, Figure 19 shows that it might be wise to devise an oxidation strategy targeted at 30 CAD or earlier, at which time most of the soot is more localized with respect to the total cylinder volume.
Although the target fraction of soot mass for this soot cloud is 50%, the dashed curve of Figure 19 shows that the actual percentage generated by the post-processing scheme is slightly lower than 50% and not quite constant. But notice that once the soot cloud is established, the variation in target fraction of soot mass is small when compared to the change in soot cloud volume ratio. Therefore, the overall trend of the soot cloud volume ratio is valid. Figure 20 is similar to Figure 19 , but instead shows the actual 50% soot-cloud volume (solid curve, right axis) instead of a ratio. The actual volume follows the same trend as the ratio. That is, the actual 50% soot-cloud volume also reaches a local minimum at around 30 CAD. Cylinder volume (dashed curve, left axis) is provided as reference. Figure 21 shows that around 30 CAD, the mass of the 50% soot cloud for the M-I-O case (solid curve) is also decreasing. Information from the Models Used, Soot Formation and Soot Oxidation sections indicate that the soot mass is decreasing because, at this point in the cycle, most of the fuel has been consumed and therefore the soot formation-rate is low. And, sufficient soot and oxygen exist so that the oxidation rate is higher than the formation rate (this is confirmed in the next section). At about 30 CAD, the rate of soot reduction starts to tail off, which suggests that the driving forces to sustain higher oxidation rates are fading as well.
Total soot-mass is also given in Figure 21 (dashed curve). The 50% soot-cloud definition becomes more apparent when comparing the magnitudes of these two curves. The image's iso-surfaces and iso-volumes are sliced to provide a view of the interior of the soot-cloud. The blue and green iso-surfaces are the soot formation and oxidation region boundaries as were described previously. The red iso-volume shows were oxygen concentration is high, in this case, greater than 0.19 mass fraction.
At 15 CAD, high soot-concentrations are located in the squish and bowl regions, which are due to the soot cloud splitting at the bowl lip (also see Figure 13 (top), 9 CAD). Oxygen concentration is high about the cylinder axis and near the liner. Notice how the high oxygen concentration region recedes at the axis with time and moves down with the piston at the liner. With time soot in the squish region oxidizes because the spraygenerated flow field directs oxygen into the squish region during the expansion stroke, an occurrence not highlighted in the current images. Net soot persists much later in the piston bowl. Its motion corresponds to the high fuel region, as mentioned previously. Just as the motion of the fuel-vapor cloud yielded the shapes of the formation and oxidation regions, it also influences the motion of the 50% soot cloud.
The combustion event, as depicted in Figure 22 , appears to 'layer' the fuel, soot and oxygen regions in this low-swirl engine with diesel-like operating conditions. That is, from the oxygen's perspective, prior to injection, the complete combustion chamber would be red, i.e., filled uniformly with O 2 at a mass fraction of 0.2. With injection and subsequent burning, each jet forms a 'hole' in the O 2 and the red region no longer fills the combustion chamber completely.
Initially, fuel vapor fills the hole by displacing oxygen, and then the fuel vapor subsequently reacts to form combustion products by consuming oxygen, which further "deepens" the hole. In the heart of the hole, where mixtures are more fuel rich, soot concentrations are also greater because of relatively high formation rates (Eq. 1) and relatively low oxidation rates. Hence, fuel, at its highest concentration, is found at the center of the oxygen hole, which is surrounded by a layer of soot, which is surrounded by a layer of oxygen.
As more fuel is injected and burns, the hole grows and deforms in response to, in part, swirl, spray-generated flows, and the constraints of combustion-chamber geometry. Eventually, holes created from neighboring sprays merge as if forming a meandering tunnel-like circumferential path about the combustion chamber. Unburned fuel and soot can exist longer
in the midst of this path, because that is where O 2 concentration is lowest. These holes are not necessarily completely void of oxygen, nor completely void of soot. Instead, gradients fill these holes, like the soot gradients of Figure 17 , and the layers described above overlap each other. Figure 22 extracts features from the gradient fields, thus emphasizing this layering effect.
POST-INJECTION EFFECTS ON NET SOOT
Previous sections presented images and line graphs for the M-I-O, Short and Long cases, but generally focused on the M-I-O case for detailed descriptions. This section builds on those details and highlights post-injection cases relative to the M-I-O case to describe how post injection manipulates in-cylinder soot for this engine and these operating conditions, according to the model predictions.
The reference volume for the plots to follow is the 50% soot cloud for the M-I-O case, as was presented in the Net Soot section. This reference volume is selected because it serves as a reference against which the effect of post-injection on the high soot concentration region of the M-I-O case can be compared. In addition, the bottom images of Figure 17 show that the regions occupied by the 50% soot clouds for the M-I-O and the Short cases are almost identical, and the Long case soot cloud occupies the same general region of the combustion chamber, only a larger portion of it. Animations lasting through to EVO show that the regions occupied by the three soot clouds steadily become more similar throughout the expansion stroke. (Figure 23 bottom) . Also at this point in the cycle, the oxidation rate is much faster than the formation rate ( Figure 23 middle and bottom) . These factors contribute to the noted slope change. Values are only plotted to 80 CAD, because trends do not change beyond that crank angle and therefore the more interesting part of the curves are highlighted. Also, the focus here is on post-injection effects on soot, not on the maininjection soot. Hence, the axis scales are set to better illustrate differences in the late-cycle soot among the three cases, as affected by the post injection. As a result, the soot mass during main injection, which is much higher than in the late cycle, is off the scale of the plot.
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An important observation of these curves is that once the soot trend is established at about 20 CAD, the trend holds to EVO. If it is found with further study that this observation is general, then designers may be able to focus in-cylinder soot reduction efforts on the very early part of the expansion stroke and those efforts may pay off for the remainder of the exhaust process. Figures 23 (middle) and 23 (bottom) highlight soot formation and oxidation rates, respectively, for each case. Comparing the formation and oxidation curve shapes to the net soot curve shapes it is evident that net soot correlates more closely with formation rate than with oxidation rate. Also, the formation-and oxidation-rate graphs at this point in the cycle are similar in scale, but out of phase. This observation, along with the similar evolutions of soot formation and oxidation regions observed in Figure 15 , suggest that oxidation rate could perhaps be brought closer into phase with formation rate by changing how formation and oxidation regions grow with respect to each other, which could yield lower net soot earlier in the exhaust stroke that would remain low to EVO.
Turning attention to formation rate, the formation rate curves of Figure 23 (middle) are recast as ratios (Figure 24 top) . Formation rate ratios for the Long case relative to the M-I-O case (blue) and Short relative to M-I-O (green) are plotted.
Recall that formation-rate calculations are a function of three local quantities: fuel mass, temperature, and pressure (Model Setup section, Eq. 1). Formation rates calculated using appropriate terms from each case are discussed next to determine the influence of each quantity on the formationrateratio curves of Figure 24 (top).
Integrated fuel-vapor mass, average pressure, and average temperature are extracted from within the 50% soot cloud for the M-I-O case. For the ratio denominator, the soot formationrate is calculated according to the Hiroyasu formation model (Eq. 1) using the M-I-O case integrated fuel-vapor mass and average pressure and average temperature values.
For the numerator of the pressure-ratio curve for the Long case (Figure 24 (middle) , filled circles), its formation-rate ratio is calculated using the fuel-vapor mass and average temperature from the M-I-O case, but with the average pressure from the Long case. Figure 24 (middle) shows that the Long case pressure did not affect the soot formation-rate much, since the ratio is about 1.0 for the whole crank angle range.
The influence of temperature (open circles) is calculated similarly, i.e., the numerator uses the average pressure and integrated soot-mass from the M-I-O case, but the temperature from the Long case. The influence of temperature is evident, especially later in the cycle, past 40 CAD. Undeniably, fuelvapor mass (stars) has the largest influence on altering the soot formation-rate, since its curve is almost identical to the formation rate ratio for the Long/M-I-O in Figure 24 (top, blue curve). Similar sensitivities hold in the formation-rate for the Short to M-I-O comparisons, except that temperature sensitivity is slight (Figure 24, bottom) .
Summarizing the above, the Long case adds significant fuel vapor to the soot cloud, which in turn forms more soot. The Short case post injection enhances burning of fuel vapor in the soot cloud, thus there is less fuel-vapor to form soot. than the M-I-O (not shown). Also, as stated previously, the M-I-O 50% soot-cloud is the transient reference volume used to extract data from all cases, so noted changes are those within the same general region of the combustion chamber.
Figure 25 (bottom) shows the amount of fuel vapor consumed in the soot cloud. As the vapor fuel is burned, it becomes unavailable for soot formation according to Eq. 1, which yields a lower rate of soot formation. Notice the fuel-mass reduction for the Short case (Figure 25 top) correlates with its fuel consumption (Figure 25 bottom, ∼15-25 CAD) . Finally, it is also instructive to graph the CFD results in the traditional equivalence ratio vs. temperature space. Plotted in Figure 26 are markers for each computational cell, overlaid on the computed soot and NOx yields for the corresponding static mixtures, based on data from [23] . The markers are for the Long, Short and M-I-O cases at 15 CAD, which is near the end of the post-injection for the Long case. It is clear from Figure  26 that more gases in the Long case are prone to soot production. The distinction between the Short and M-I-O cases is less obvious in this figure. For Figure 26 , the Long-and Short-case circles, which represent cell values, lie behind the M-I-O case circles. Therefore, the densely packed cell values that form a backward-C shape in the figure for the M-I-O case is characteristic of all cases.
CONCLUSIONS
This modeling study introduces new ways of visualizing and quantifying soot-formation, soot-oxidation and net soot variation during combustion and expansion using an engineering soot model in a CFD framework. The simulation uses the Hiroyasu soot formation model with vapor fuel as the sole precursor species, and the NSC soot oxidation model with oxygen as the sole oxidizer. Many details are presented for a main-injection-only (M-I-O) case using the newly developed techniques with the goal of developing a basic understanding of formation, oxidation and net soot for this optically accessible, single-cylinder, heavy-duty research engine with a right-cylindrical bowl. Cases with post injection are also modeled, focusing on how they alter soot processes relative to the M-I-O case. Injection profiles and amount of injected fuel are the only input file changes.
The most significant conclusions regarding the in-cylinder mechanisms of soot reduction by post-injections are summarized in the following paragraphs, and reference is made to figures that support these conclusions.
When considering the whole volume of the combustion chamber, with increasing post-injection duration, more soot forms (line graph in Figure 10 ). For the Short post-injection case, the additional soot formed is located along the spray axis near the nozzle, and in the squish region (images in Figure 10 ). The additional soot formed along the spray axis by the Short case post-injected fuel, oxidizes rapidly (image in Figure 11 at 20 CAD). Additional soot formed in the squish region oxidizes as well (image in Figure 16 at 65 CAD), which leaves its overall soot-formation region relatively unchanged when compared to the M-I-O case (images in Figure 10 ). This means that soot
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formed by short post-injections does not contribute significantly to engine-out soot, because the extra soot formed by the post-injected fuel is oxidized.
But, short post-injections have lower engine-out soot than the M-I-O case. The model says that the main reason for the engine-out soot reduction is because short post-injections consume fuel vapor (the soot precursor) by heat release more rapidly than in the M-I-O case, therefore, less fuel-vapor, even from the main injection pulse, is available to form soot. This occurs both in the soot cloud (Figure 25) , and elsewhere throughout the combustion chamber (not shown).
Where short post-injections reduce the amount of fuel-vapor available for soot-formation relative to the M-I-O case, long post-injections significantly increase the presence of fuel-vapor (Figure 25, top) . For long post-injections, heat release is not rapid enough to consume all of this additional fuel-vapor (Figure 25, bottom) , and therefore, more soot is formed. After the additional soot is formed, soot-oxidation is not enhanced enough to remove it ( Figure 23 ).
The tools developed for this project allow detailed analysis of CFD results so that the root causes of engine-out soot can be evaluated on a fundamental level. The methodologies applied in this work, using engineering soot and combustion models, can also be applied to sophisticated soot models that include soot particle growth, soot number density and more oxidation pathways, and to combustion models with detailed kinetics. Such applications constitute the next phase of this work.
as particles that originate from fuel vapor. Other soot sources, like lubricating oil, are not accounted for by the model. Net soot has already formed and may have been transported to its current location. It has not yet completely oxidized.
Soot formation -The process of fuel vapor being converted to soot. Hydrogen atoms from the fuel are converted to H 2 in the process. Thus, the fuel's carbon becomes soot and its hydrogen becomes H 2 .
Soot oxidation -The process of carbon from soot particles transforming to CO. The process consumes oxygen, O 2 . Positions and opinions advanced in this paper are those of the author(s) and not necessarily those of SAE International. The author is solely responsible for the content of the paper.
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